Introduction
============

GATA-binding protein 4 (GATA-4), a zinc finger transcription factor, is a master regulator of developmental processes of the heart, such as cardiac myocyte proliferation, differentiation and survival.[@R1]^-^[@R6] Recent studies indicate that it is also involved in a number of other processes such as female fertility and carcinogenesis.[@R7]^-^[@R9] As a regulator of several target genes, GATA-4 plays many important roles.[@R4]^,^[@R9]^-^[@R12] However, the precise mechanisms by which GATA-4 itself is regulated are not yet fully understood. The expression of GATA-4 could be regulated at the post-translational or post-transcriptional level. Mechanisms of post-translational regulation include protein phosphorylation, acetylation, sumoylation and methylation, whereas post-transcriptional modification mechanisms include the stabilization of mRNA prior to protein synthesis. Although it has been established that the activity of GATA-4 can be modulated through post-translational modifications, including protein phosphorylation, acetylation, sumoylation and methylation,[@R13]^,^[@R14] the mechanisms underlying the post-transcriptional regulation of GATA-4 remain unclear.

MicroRNAs (miRNAs) are short, highly conserved noncoding RNA molecules that play a role in post-transcriptional regulation by targeting the 3′ untranslated region (3′-UTR) of target gene mRNAs, leading to mRNA degradation and translational repression. Recent studies have shown that miR-26b binds the GATA-4 3′-UTR to repress its translation.[@R15] Interestingly, bioinformatic analysis predicted that the 3′- UTR of GATA-4 also contains a miR-200b target site, raising the possibility that miR-200b targets GATA-4.

The miR-200 family consists of five members, miR-200a, miR-200b, miR-200c, miR-429 and miR141, which regulate the transcription factors Zeb1 and Ets-1 as well as Suz12, a subunit of the polycomb repressor complexes.[@R16]^-^[@R18] Previous studies have shown that miR-200b is involved in epithelial to mesenchymal transition, formation and maintenance of cancer stem cells, invasion of prostate cancer cells and gastric carcinoma.[@R16]^-^[@R24] Recently, miR-200b was found to be involved in the angiogenic response of endothelial cells.[@R18] miR-200b exerts these effects through targeting specific genes, such as ZEB1 and SIP1, Suz12 and Ets-1.[@R16]^-^[@R18] However, it remains unclear whether miR-200b targets the transcription factor GATA-4. Bioinformatics analyses suggest that the mouse GATA-4 3′-UTR contains binding sites for miR-26ab/1297/4465, miR-200bc/429/548a, miR-122/122a/1352 and miR-208ab. Among these miRNAs, miR-26b has been demonstrated to target GATA-4 during cardiac hypertrophy,[@R15] so it would be interesting to determine whether miR-200b targets GATA-4, which contributes to the establishment of the post-transcriptional mechanisms in regulating GATA-4.

In this study, we have identified GATA-4 as a novel direct target of miR-200b. We demonstrate for the first time that miR-200b-mediated downregulation of GATA-4 leads to subsequent downregulation of cyclin D1 and myosin heavy chain (MHC) expression, resulting in inhibition of cell growth and differentiation.

Results
=======

miR-200b inhibits cell proliferation by inducing cell cycle arrest and apoptosis
--------------------------------------------------------------------------------

To elucidate the specific role of miR-200b in cell growth, C2C12 and P19CL6 cells were stably transfected with pri-miR-200b to upregulate endogenous miR-200b and subsequently plated in 96-well plates to measure cell viability. The miR-200b level in each stable cell line was determined by quantitative real-time PCR (qPCR) ([Fig. 1A](#F1){ref-type="fig"}, upper right panel), and cell viability was measured by the MTT assay ([Fig. 1A](#F1){ref-type="fig"}, upper left panel). Interestingly, C2C12 and P19CL6 cells stably expressing miR-200b demonstrated a 44% and 41% reduction in cell number and a 4.3- and 6.9-fold increase in miR-200b levels, respectively ([Fig. 1](#F1){ref-type="fig"}). These data suggested that miR-200b has an anti-proliferative effect on C2C12 and P19CL6 cells. To further determine whether C2C12 cells stably transfected with pri-miR-200b were reserved in an undifferentiated state, the expression of myogenin, MyoD and α-MHC, three muscle-specific genes, was analyzed by real-time PCR. As shown in [Figure 1A](#F1){ref-type="fig"} (lower), when compared with C2C12 cells on differentiation day 3 and day 6, myogenin, MyoD and α-MHC mRNA levels were significantly decreased, suggesting that miR-200b maintains C2C12 cells in an undifferentiated state.

![**Figure 1.** miR-200b inhibits cell growth. (**A**) The effect of miR-200b on cell proliferation. C2C12 and P19CL6 cells stably transfected with pri-miR-200b or with pcDNA3.1(+) empty vector were seeded in 96-well plates and grown for 24 h. Cell viability was determined by MTT assay as described in the Materials and Methods section (upper left). miR-200b expression levels were analyzed by qPCR (upper right). The expression of myogenin, MyoD and α-MHC, three muscle-specific genes was analyzed by real-time PCR in C2C12 cells treated as described above and differentiated for 3 d (lower left) and 6 d (lower right). dif, differentiation. The data shown are the mean ± SEM of three independent experiments. \* indicates p \< 0.05 vs. control, and \*\* indicates p \< 0.01 vs. control. (**B**) The effect of miR-200b on cell cycle progression. miR-200b-expressing C2C12 and P19CL6 cells and control cells were subjected to FACS analysis. (**C**) The effect of miR-200b on apoptosis. C2C12 and P19CL6 cells were treated as described in [Figure 1A](#F1){ref-type="fig"} and subjected to DAPI staining to monitor chromatin fragmentation as an indicator of apoptosis (upper), or subjected to annexin V-FITC- propidium iodide (PI) double staining to quantify the percentage of apoptotic cells (lower). The results are the mean ± SE. M of three independent experiments. \*\* indicates p \< 0.01 compared with control. Images were taken using a 20 × objective. Scale bar is 50 μm and applies to all images in [Figure 1C](#F1){ref-type="fig"}.](rna-10-465-g1){#F1}

To determine whether the anti-proliferative effect of miR-200b is due to cell cycle arrest, we performed FACS analysis following propidium iodide (PI) staining of C2C12 and P19CL6 cells stably transfected with pri-miR-200b. In comparison to control cells, the G0/G1 population among cells overexpressing miR-200b increased by 32% in C2C12 cells and 62% in P19CL6 cells, whereas the G2/M population decreased by 53% and 31%, respectively ([Fig. 1B](#F1){ref-type="fig"}). These data suggested that miR-200b leads to cell cycle arrest in C2C12 and P19CL6 cells.

To determine whether the anti-proliferative effect of miR-200b results from apoptosis, we examined the effect of miR-200b on apoptosis in C2C12 and P19CL6 cells by evaluating chromatin condensation. Cells overexpressing miR-200b had higher levels of condensed chromatin than the control cells ([Fig. 1C](#F1){ref-type="fig"}, upper). Consistent with these observations, FACS analysis using annexin V-FITC-propidium iodide (PI) double staining showed a 6.2- and 6.6-fold increase in the percentage of apoptotic C2C12 and P19CL6 cells, respectively ([Fig. 1C](#F1){ref-type="fig"}, lower), suggesting that miR-200b induces apoptosis in C2C12 and P19CL6 cells.

Taken together, these results indicated that miR-200b inhibits the growth of C2C12 and P19CL6 cells by arresting cell cycle and inducing apoptosis.

miR-200b blocks the differentiation of P19CL6 and C2C12 cells
-------------------------------------------------------------

P19CL6 embryonal carcinoma cells have been established as an effective model for studying cardiomyogenesis because they can be efficiently differentiated into beating cardiomyocytes in the presence of 1% DMSO, this finding has been confirmed by immunoblotting using the anti-sarcomeric MHC antibody MF20.[@R19] To elucidate the specific role of miR-200b in cardiomyocyte differentiation, we established a stable cell line constitutively overexpressing miR-200b and cultured these cells in medium containing 1% DMSO. Immunoblot analysis of 50-μg cell lysate samples using the anti-sarcomeric MHC antibody MF20 suggested that in contrast to P19CL6 cells, which differentiate into cardiomyocytes with the expresssion of the cardiac markers α-MHC ([Fig. 2A and B](#F2){ref-type="fig"}), the cells overexpressing miR-200b did not differentiate into cardiomyocytes with absent expression of α-MHC until day 18 ([Fig. 2A](#F2){ref-type="fig"}). Consist with these results, qPCR analysis revealed that during differentiation, mRNA levels of the cardiac transcription factor GATA-4 and sarcomeric α-MHC were significantly decreased in cells overexpressing miR-200b compared with pcDNA 3.1(+) empty vector-transfected cells ([Fig. 2B and C](#F2){ref-type="fig"}). Furthermore, when compared with the cells on differentiation day 0, GATA-4 and α-MHC mRNA levels decreased in miR-200b-overexpressing cells during the differentiation time course, resulting in levels of GATA-4 and α-MHC that were insufficient for efficient differentiation into cardiomyocytes ([Fig. 2D and E](#F2){ref-type="fig"}). These results suggest that miR-200b inhibits the expression of cardiac-specific genes and blocks cardiomyocyte differentiation of P19CL6 cells.

![**Figure 2.** miR-200b inhibits cell differentiation. (**A**) The effect of miR-200b on cardiomyocyte differentiation was assessed using MF20 immunoblotting in pCDNA3.1(+) empty vector- (upper left) and pri-miR-200b-transfected (upper right) P19CL6 cell lysates. The cells were cultured for 18 d in 1% DMSO. At the indicated time points, the cell lysates were subjected to immunoblotting analysis with the antibodies indicated in the figure. The cell lysates were also subjected to immunoblotting analysis on day 0 (before treatment with DMSO) (lower left and lower right). Western blot analysis shows inhibition of GATA-4 and sarcomeric MHC during the differentiation of P19CL6 cells stably expressing miR-200b when compared with control cells. (**B‒E**) The effect of miR-200b on cardiac marker gene expression was assessed by qPCR. On the indicated days, P19CL6 cells transfected with pCDNA3.1(+) empty vector (control) (**B and C**) or pri-miR-200b (**B‒E**) were evaluated for α-MHC and GATA-4 mRNA levels. Notably, expression levels of α-MHC and GATA-4 were decreased in P19CL6 cells stably expressing miR-200b. (**F**) The effect of miR-200b on myogenic differentiation was assessed using MF20 immunoblotting in pCDNA3.1(+) empty vector- and pri-miR-200b-transfected C2C12 cell lysates. The cells were cultured for 6 d in differentiation medium. At the indicated time points, the cell lysates were subjected to immunoblotting analysis with the antibodies indicated in the Fig. Western blot analysis shows inhibition of GATA-4 and sarcomeric MHC during the differentiation of C2C12 cells stably expressing miR-200b when compared with control cells.](rna-10-465-g2){#F2}

To elucidate the specific role of miR-200b in myogenic differentiation of C2C12 myoblasts, we established a stable cell line constitutively overexpressing miR-200b and cultured these cells in medium containing 2% horse serum. Immunoblot analysis of 50-μg cell lysate samples using the anti-sarcomeric MHC antibody MF20 suggested that in contrast to C2C12 cells, which differentiate into contractile myotubes with the expresssion of the muscle-specific gene α-MHC ([Fig. 2F](#F2){ref-type="fig"}), the cells overexpressing miR-200b did not differentiate into myotubes with absent expression of α-MHC until day 6 ([Fig. 2F](#F2){ref-type="fig"}). Furthermore, when compared with C2C12 cells, GATA-4 protein levels decreased in miR-200b-overexpressing cells during the differentiation time course, suggesting that miR-200b inhibits the expression of muscle-specific genes and blocks myogenic differentiation of C2C12 cells.

GATA-4 is a novel direct target of miR-200b
-------------------------------------------

Because our results showed that miR-200b blocks cardiomyocyte differentiation of P19CL6 cells and myogenic differentiation of C2C12 myoblasts by inhibiting GATA-4 expression, we tested whether miR-200b directly targets GATA-4. Bioinformatic analysis predicted perfect complementarity between the miR-200b seed sequence and the GATA-4 3′-UTR sequence (1,418--1,424 bp). To validate the direct binding of the GATA-4 3′-UTR to miR-200b, we performed a miR target luciferase reporter assay using a GATA-4 3′-UTR-Luc plasmid in P19CL6 and C2C12 cells. In contrast to mock-transfected cells, luciferase activity was reduced in miR-200b mimic delivered cells by approximately 70% (C2C12) and 72% (P19CL6) ([Fig. 3A](#F3){ref-type="fig"}). Similar results were observed in miR-200b-overexpressing cells. Furthermore, a miR-200b inhibitor reversed the reduction of luciferase activity induced by miR-200b ([Fig. 3A](#F3){ref-type="fig"}). Importantly, mutation of the miR-200b target site in the GATA-4 3′-UTR abolished miR-200b-mediated repression luciferase expression ([Fig. 3A](#F3){ref-type="fig"}). These results demonstrate that miR-200b binds the GATA-4 3′-UTR sequence.

![**Figure 3.** Direct targeting of GATA-4 by miR-200b. (**A**) miR target reporter luciferase activity mediated by reporter constructs harboring the wild-type and mutated 3′-UTR of GATA-4 in C2C12 (left) or P19CL6 (right) cells containing miR-200b mimic (miR-200bm), miR-200b mimic negative control (MNC), miR-200b inhibitor negative control (INC), miR-200b and/or miR-200b inhibitor (in or miR-200bi). Schematic representation of the GATA-4 3′ -UTR showing the GATA-4 wild-type and mutant 3′-UTR-Luc constructs harboring the miR-200b target site. The data shown are the mean ± SEM of three independent experiments. \*\* indicates p \< 0.01 vs. the control. (**B and C**) GATA-4 mRNA levels in C2C12 (**B**) or P19CL6 cells (**C**) transfected with control vector, GATA-4, RNAi GATA-4, miR-200b, miR-200b mimic, miR-200b inhibitor or control miRNAs. The results are the mean ± SE. M of three independent experiments. \* indicates p \< 0.05, and \*\* indicates p \< 0.01 compared with control. (**D**) GATA-4 and α-tubulin protein levels after transfection with control vector, GATA-4, RNAi GATA-4, miR-200b, miR-200b mimic (200 bm), miR-200b inhibitor (200 bi), miR-200b mimic negative control (MNC), and miR-200b inhibitor negative control (INC) in C2C12 cells. Schematic of the predicted miR-200b-binding sites in the GATA-4 3′-UTR.](rna-10-465-g3){#F3}

To determine whether miR-200b regulates GATA-4 expression, we established stable cell lines expressing GATA-4 or miR-200b or GATA-4-silenced cell lines (RNAi GATA-4) in C2C12 and P19CL6 cells. The GATA-4 mRNA level was reduced by 69% in RNAi GATA-4 cells and by 51% in miR-200b-overexpressing C2C12 cells ([Fig. 3B](#F3){ref-type="fig"}), and was upregulated 5.9-fold in GATA-4-overexpressing C2C12 cells ([Fig. 3B](#F3){ref-type="fig"}). Moreover, upon delivery of the miR-200b mimic in C2C12 cells, the GATA-4 mRNA level was reduced by 54%, whereas the miR-200b inhibitor caused a 2.0-fold increase in the GATA-4 mRNA level ([Fig. 3B](#F3){ref-type="fig"}). Similar results were observed in P19CL6 cells ([Fig. 3C](#F3){ref-type="fig"}). Consistent with the observed effects on mRNA levels, the GATA-4 protein level increased in cells overexpressing GATA-4 and decreased in miR-200b-overexpressing cells and in RNAi GATA-4 cells ([Fig. 3D](#F3){ref-type="fig"}, upper right). Moreover, miR-200b mimic inhibits the protein levels of GATA-4 and miR-200b inhibitor induces the expression of GATA-4 protein ([Fig. 3D](#F3){ref-type="fig"}, lower right). These data established that miR-200b binds the GATA-4 3′-UTR region, resulting in mRNA degradation and translation repression.

To further determine whether miR-200b targets GATA-4 in normal and hypertrophic neonatal rat ventricular myocytes, cardiomyocytes were treated with the α adrenoceptor agonist Phenylephrine (100 μM) and/or transfected with miR-200b mimic, miR-200b inhibitor or control miRNAs. Upon delivery of the miR-200b mimic, the GATA-4 mRNA level was reduced by 6% and 29% in untreated and Phenylephrine-treated cardiomyocytes, respectively ([Fig. 4A](#F4){ref-type="fig"}), whereas the miR-200b inhibitor caused a 28% increase and no change in the GATA-4 mRNA level in untreated and Phenylephrine-treated cardiomyocytes, respectively ([Fig. 4A](#F4){ref-type="fig"}). However, the GATA-4 protein level was inhibited in untreated and Phenylephrine-treated cardiomyocytes in response to miR-200b mimic ([Fig. 4B](#F4){ref-type="fig"}), suggesting that miR-200b targets GATA-4 in normal and hypertrophic neonatal rat ventricular myocytes, whereas the miR-200b inhibitor caused no significant change in the GATA-4 protein level in untreated and Phenylephrine-treated cardiomyocytes ([Fig. 4B](#F4){ref-type="fig"}). Moreover, the miR-200b level was increased by 32.5-fold in miR-200b mimic delivered cells, and the upregulation was reduced to 10.2-fold upon Phenylephrine treatment ([Fig. 4C](#F4){ref-type="fig"}), indicating that Phenylephrine inhibits the expression of miR-200b. The mRNA levels of ANF, one of the hypertrophy marker genes, were significantly increased upon Phenylephrine treatment ([Fig. 4D](#F4){ref-type="fig"}), indicating that Phenylephrine induces cardiac hypertrophy. However, upon delivery of the miR-200b mimic in untreated and Phenylephrine-treated cardiomyocytes, the expression of ANF exhibited a reverse trend when compared with their respective control cells ([Fig. 4D](#F4){ref-type="fig"}), suggesting that miR-200b may contribute to the reduced hypertrophic response to Phenylephrine.

![**Figure 4.** miR-200b targets GATA-4 in neonatal rat ventricular cardiomyocytes with or without 100 μM phenylephrine (Phe). (**A**) Neonatal rat ventricular cardiomyocytes were treated with 100 μM Phe and/or transfected with miR-200b mimic, miR-200b inhibitor or control miRNAs, and the mRNA levels of GATA-4 were determined by qPCR using Taqman methods. (**B**) Nuclear extracts were prepared from neonatal rat ventricular cardiomyocytes treated as described in [Figure 4A](#F4){ref-type="fig"}, and the protein levels of GATA-4 were determined by western blot analysis. Histone H3 was used as a loading control. ctr, control; 200 bm, miR-200b mimic; 200 bi, miR-200b inhibitor; MNC, miR-200b mimic negative control; INC, miR-200b inhibitor negative control. (**C and D**) miR-200b (**C**) and ANF (**D**) expression levels were analyzed by qPCR in cardiomyocytes treated as described in [Figure 4A](#F4){ref-type="fig"}. The results are the mean ± SE. M of three independent experiments. \*\* indicates p \< 0.01 compared with control.](rna-10-465-g4){#F4}

GATA-4 overexpression reverses miR-200b-mediated anti-growth effects in C2C12 cells
-----------------------------------------------------------------------------------

To determine the roles of GATA-4 in cell growth, the miR-200b mimic, miR-200b inhibitor or control miRNAs were delivered into the GATA-4-expressing stable cell line. The cells were analyzed for cellular growth by the MTT assay. GATA-4 protein expression was detected in the stable C2C12 cells ([Fig. 3D](#F3){ref-type="fig"}). GATA-4 overexpression was found not only to induce cell growth but also to reverse miR-200b-associated inhibition of cell growth ([Fig. 5A](#F5){ref-type="fig"}).

![**Figure 5.** GATA-4 overexpression reverses miR-200b mimic-mediated anti-growth effects, and GATA-4 downregulation simulates the effects of miR-200b mimic on cell growth. (**A**) MTT assay for cellular growth after delivery of miR-200b mimic (miR-200bm), miR-200b inhibitor (miR-200bi), miR-200b mimic negative control (MNC) or miR-200b inhibitor negative control (INC) into C2C12 cells in the presence or absence of the GATA-4 expression plasmid. The data shown are the mean ± SEM of three independent experiments. \*\* indicates p \< 0.01 vs. control. (**B**) FACS analysis of cell cycle progression in C2C12 cells treated as described in (**A**). (**C**) DAPI staining to monitor chromatin fragmentation in C2C12 cells treated as described in (**A**). Images were taken using a 20 × objective. Scale bar is 50 μm and applies to all images in [Figure 4C](#F4){ref-type="fig"}. (**D**) Annexin V-FITC- propidium iodide (PI) double staining to quantify the percentage of apoptotic cells in C2C12 cells treated as described in (**A**). The results are the mean ± SE. M of three independent experiments. \*\* indicates p \< 0.01 compared with control.](rna-10-465-g5){#F5}

Consistent with these results, GATA-4 was found to accelerate the cell cycle in C2C12 cells and reverse the miR-200b-mediated cell cycle arrest ([Fig. 5B](#F5){ref-type="fig"}). DAPI staining and FACS analysis using annexin V-FITC-propidium iodide (PI) double staining showed that overexpression of GATA-4 abolishes miR-200b-induced apoptosis in C2C12 cells ([Fig. 5C and D](#F5){ref-type="fig"}). These results suggest that GATA-4 overexpression reverses miR-200b-mediated anti-growth effects by accelerating cell cycle progression and blocking apoptosis.

Downregulation of GATA-4 simulates the effects of miR-200b on cell growth
-------------------------------------------------------------------------

To further determine the roles of GATA-4 in cell growth, the miR-200b mimic, miR-200b inhibitor or control miRNAs were delivered into the cell line in which GATA-4 was stably knocked down (RNAi GATA-4), and cell growth was evaluated by the MTT assay. GATA-4 protein expression was downregulated in the GATA-4-silenced C2C12 cells ([Fig. 3D](#F3){ref-type="fig"}). Silencing GATA-4 not only blocked cell growth but also simulated the effects of miR-200b on cell growth, whereas miR-200b inhibitor slightly reversed the inhibition of cell growth mediated by RNAi GATA-4 ([Fig. 5A](#F5){ref-type="fig"}).

Consistent with these observations, silencing GATA-4 was found to arrest the cell cycle in C2C12 cells and to simulate miR-200b-mediated cell cycle arrest ([Fig. 5B](#F5){ref-type="fig"}). DAPI staining and FACS analysis using annexin V-FITC- propidium iodide (PI) double staining showed that in addition to inducing apoptosis, silencing GATA-4 simulates miR-200b-mediated apoptosis in C2C12 cells ([Fig. 5C and D](#F5){ref-type="fig"}). These results suggest that GATA-4 silencing simulates miR-200b-mediated anti-growth effects by arresting the cell cycle and inducing apoptosis.

To further determine whether C2C12 cells treated as described above were reserved in an undifferentiated state, the expression of myogenin, MyoD and α-MHC was analyzed by real-time PCR. As shown in [Figure 6](#F6){ref-type="fig"}, when compared with C2C12 cells on differentiation day 3, myogenin, MyoD and α-MHC mRNA levels were significantly decreased in cells transfected with GATA-4 or GATA-4 RNAi expression vector and/or the miR-200b mimic, miR-200b inhibitor or control miRNAs ([Fig. 6A‒C](#F6){ref-type="fig"}). Similar results were observed when compared with C2C12 cells on differentiation day 6 ([Fig. 6D‒F](#F6){ref-type="fig"}), suggesting that these cells treated as described above were in an undifferentiated state.

![**Figure 6.** miR-200b maintains C2C12 cells in an undifferentiated state. The expression of myogenin, MyoD and α-MHC, three muscle-specific genes was analyzed by real-time PCR in C2C12 cells treated as described in [Figure 5](#F5){ref-type="fig"} and differentiated for 3 d (**A‒C**) and 6 d (**D‒F**). diff, differentiation. The results are the mean ± SE. M of three independent experiments. \*\* indicates p \< 0.01 compared with control.](rna-10-465-g6){#F6}

GATA-4 overexpression reverses miR-200b-mediated anti-growth effects in P19CL6 cells
------------------------------------------------------------------------------------

To further determine the role of GATA-4 in cell growth, the stable cell lines expressing GATA-4 were treated with miR-200b mimic, miR-200b inhibitor or control miRNAs followed by MTT assay for cellular growth. The mRNA and protein levels of GATA-4 were increased in the stable P19CL6 cells ([Fig. 7A](#F7){ref-type="fig"}, right panel). Overexpression of GATA-4 not only induced cell growth but also reversed the miR-200b-associated inhibition of cell growth ([Fig. 7A](#F7){ref-type="fig"}).

![**Figure 7.** GATA-4 overexpression reverses miR-200b mimic-mediated anti-growth effects in P19CL6 cells. (**A**) MTT assay for cellular growth after the delivery of miR-200b mimic (miR-200bm), miR-200b inhibitor (miR-200bi), miR-200b mimic negative control (MNC) or miR-200b inhibitor negative control (INC) into P19CL6 cells in the presence of the GATA-4 expression vector (left). GATA-4 mRNA and protein expression levels were analyzed by qPCR and western blot (right). The data shown are the mean ± SEM of three independent experiments. \* indicates p \< 0.05 vs. control, and \*\* indicates p \< 0.01 vs. control. (**B**) FACS analysis of cell cycle progression in P19CL6 cells treated as described in (**A**). (**C**) DAPI staining to monitor chromatin fragmentation in P19CL6 cells treated as described in (**A**). Images were taken using a 20 × objective. Scale bar is 50 μm and applies to all images in [Figure 5C](#F5){ref-type="fig"}. (**D**) Annexin V-FITC- propidium iodide (PI) double staining to quantify the percentage of apoptotic cells in P19CL6 cells treated as described in (**A**).The results are the mean ± S. E. M of three independent experiments. \*\* indicates p \< 0.01 compared with control.](rna-10-465-g7){#F7}

Consistent with these results, GATA-4 overexpression was found to accelerate cell cycle progression in P19CL6 cells and to reverse miR-200b-mediated cell cycle arrest ([Fig. 7B](#F7){ref-type="fig"}). Moreover, DAPI staining and FACS analysis using annexin V-FITC-propidium iodide (PI) double staining showed that overexpression of GATA-4 inhibits miR-200b-induced apoptosis in P19CL6 cells ([Fig. 7C and D](#F7){ref-type="fig"}). These results suggest that GATA-4 overexpression leads to the reversal of miR-200b-mediated anti-growth effects by accelerating cell cycle progression and inhibiting apoptosis.

Cyclin D1, a downstream target of GATA-4, is regulated by miR-200b
------------------------------------------------------------------

We hypothesized that the effects of miR-200b on GATA-4 regulation and its inhibition of cell cycle and cell growth in C2C12 and P19CL6 cells may depend on cyclin D1 inactivation. To verify this, we first tested whether GATA-4 regulates the transcription and expression of cyclin D1, which is an activator of cell cycle progression. C2C12 and P19CL6 cells were transfected with either the control vector or the GATA-4 expression plasmid along with a reporter plasmid containing the firefly luciferase gene driven by a 1,000-bp fragment of the human cyclin D1 promoter, and luciferase activity was measured 36 h post-transfection. Luciferase activity was found to be higher in GATA-4-transfected C2C12 and P19CL6 cells (up to 33.6- and 42.6-fold increases, respectively) compared with control cells ([Fig. 8A](#F8){ref-type="fig"}). At the same time, we observed an increase in cyclin D1 mRNA levels and protein levels in GATA-4-overexpressing C2C12 or P19CL6 cells ([Fig. 8B‒D](#F8){ref-type="fig"}). Furthermore, knocking down endogenous GATA-4 resulted in reduced expression of cyclin D1 in C2C12 cells ([Fig. 8B and D](#F8){ref-type="fig"}). Taken together, these results suggest that cyclin D1 is a downstream target of GATA-4.

![**Figure 8.** Cyclin D1 is regulated by GATA-4 and is downregulated in miR-200b-transfected cells. (**A**) Luciferase activity of reporter constructs harboring the 1,000-bp human cyclin D1 promoter sequence in C2C12 or P19CL6 cells in the presence of the GATA-4 expression vector. The data shown are the mean ± SEM of three independent experiments. \*\* indicates p \< 0.01 vs. control. (**B and C**) Real-time PCR analysis of GATA-4 and cyclin D1 expression in C2C12 (**B**) or P19CL6 (**C**) cells in the presence or absence of the GATA-4 expression plasmid. The results are the mean ± SEM \* indicates p \< 0.05 vs. control, and \*\* indicates p \< 0.01 vs. control. (**D**) Cyclin D1 and α-tubulin protein levels after transfection of C2C12 cells with the control vector (ctr), GATA-4 (G4), RNAi GATA-4 (Ri-G4) and miR-200b (200b). (**E and F**) Real-time PCR analysis of cyclin D1 expression in C2C12 (**E**) or P19CL6 (**F**) containing miR-200b mimic (miR-200bm), miR-200b inhibitor (miR-200bi), miR-200b mimic negative control (MNC), miR-200b inhibitor negative control (INC) or stably expressing miR-200b. (**G and H**) miR-200b expression levels were analyzed by real-time PCR. The results shown are the mean ± SEM \* indicates p \< 0.05 vs. control, and \*\* indicates p \< 0.01 vs. control.](rna-10-465-g8){#F8}

To further confirm whether the expression of cyclin D1 was regulated by miR-200b, C2C12 and P19CL6 cells were transfected with the miR-200b mimic, miR-200b inhibitor or control miRNAs. Measurement of cyclin D1 mRNA levels after 24 h confirmed the miR-200b-mediated inhibition of cyclin D1 transcription ([Fig. 8E and F](#F8){ref-type="fig"}). Similar results were obtained in the stable cell line overexpressing miR-200b ([Fig. 8E and F](#F8){ref-type="fig"}); in these cells, cyclin D1 inhibition was completely abolished by inhibiting miR-200b ([Fig. 8E and F](#F8){ref-type="fig"}). Consistent with these results, the expression of cyclin D1 was decreased in miR-200b-expressing stable cell lines ([Fig. 8D](#F8){ref-type="fig"}). The level of miR-200b in each stable or transfected cell line was determined by qPCR ([Fig. 8G and H](#F8){ref-type="fig"}). Thus, our results suggest that miR-200b inhibits cyclin D1 expression.

In conclusion, we have demonstrated that cyclin D1 is a downstream target of GATA-4 and is inhibited by miR-200b, clearly establishing the presence of a regulatory cascade involving miR-200b, GATA-4 and cyclin D1 in C2C12 and P19CL6 cells.

Discussion
==========

Our results show that miR-200b inhibits cell proliferation and differentiation, and induces cell cycle arrest and apoptosis in C2C12 and P19CL6 cells by targeting GATA-4 and reducing cyclin D1 expression. To the best of our knowledge, we are the first to describe an anti-growth and anti-differentiation function of miR-200b in C2C12 or P19CL6 cells and to establish the regulatory cascade of miR-200b to cyclin D1 via GATA-4, which plays an important role in cardiac biology. Recently, Chan and colleague have shown that miR-200b directly targets GATA-2 to inhibit endothelial cell proliferation and angiogenesis,[@R20] suggesting that miR-200b may regulate all members of the GATA family via the post-transcriptional regulation mechanism.

Three lines of evidence indicate that GATA-4 plays a critical role in cell growth and differentiation. First, the RNAi GATA-4 experiments indicate that GATA-4 is critical for C2C12 cell growth. Second, overexpression of GATA-4 induces cell growth. Third, GATA-4 is downregulated in the miR-200b-expressing stable cell lines, leading to the downregulation of the cell cycle activator cyclin D1 and cardiac differentiation marker gene α-MHC, which are responsible for the repression of growth and differentiation, indicating that GATA-4 is required for growth and differentiation. Our findings are consistent with previous studies describing an essential role for GATA-4 in the cardiac differentiation of mesenchymal stem cells, P19 cells, embryonic stem (ES) cells, mesenchymal stromal cells and P19CL6 cells.[@R1]^,^[@R2]^,^[@R21]^,^[@R22]^,^[@R23] Other studies also describe a direct correlation between GATA-4 and cardiac proliferation showing that GATA-4 regulates cardiac myocyte proliferation in mice through cooperation with GATA-5 or activation of cyclin D2 and Cdk4.[@R4]^,^[@R5] Here, we demonstrate that GATA-4 is required for C2C12 and P19CL6 cell growth, suggesting that GATA-4 stimulates proliferation in various cell types.

The regulation of cyclin D1 expression by miR-200b is a critical step in cell growth. As mentioned above, the loss of miR-200b induces cell growth, and this function of miR-200b depends on cyclin D1 activation. Furthermore, overexpression of miR-200b inhibits cell growth by inhibiting cyclin D1 expression. Thus, cyclin D1 is critical for miR-200b-mediated anti-growth effects. Xia and colleague have shown that miR-200b directly targets RND3 to upregulate cyclin D1 expression and increases S-phase entry.[@R24] The discrepancy between our study and theirs may be due to three factors. First, we observed a downregulation of cyclin D1 in C2C12 and P19CL6 cells, whereas as no downregulation of cyclin D1 was observed in the HeLa cells used by Xia et al. Therefore, miR-200b-dependent regulation of cyclin D1 may be cell type-dependent. Second, we observed a downregulation of cyclin D1 in cells stably overexpressing miR-200b; in contrast, Xia et al. studied cells transiently transfected with miR-200b. Third, we demonstrated that miR-200b targets GATA-4 to downregulate the expression of cyclin D1, whereas Xia et al. showed that miR-200b directly targets RND3 to upregulate the expression of cyclin D1. It is plausible that miR-200b targets genes differentially in different cell types.

In addition to showing that miR-200b regulates cyclin D1, we have also found that GATA-4 activates the transcription and expression of cyclin D1 to induce cell growth. The relevance of the GATA-4 cyclin D1 pathway in the proliferation and differentiation of embryonic cardiomyocytes has also been demonstrated by Nakajima et al., who showed that overexpression of cyclin D1 results in cardiomyocyte hyperproliferation, and cyclin D1 inhibits the differentiation of cardiomyocytes through the degradation of GATA-4.[@R25] In conclusion, a regulatory cascade involving miR-200b, GATA-4 and cyclin D1 maintains cell growth and cell cycle progression.

Because GATA-4 is a critical transcription factor involved in heart development, it is important to understand the mechanisms regulating its mRNA stability and protein translation. In this study, we investigated the roles of miR-200b in regulating the expression of GATA-4 during cell growth and differentiation. We demonstrated that: (1) miR-200b inhibits cell proliferation through inducing cell cycle arrest and apoptosis ([Fig. 1](#F1){ref-type="fig"}), (2) miR-200b blocks the differentiation of C2C12 and P19CL6 cells ([Fig. 2](#F2){ref-type="fig"}), (3) overexpression of miR-200b significantly reduces levels of GATA-4 mRNA protein and GATA-4 transcriptional activity ([Fig. 3](#F3){ref-type="fig"}), (4) GATA-4 overexpression reverses the miR-200b-mediated anti**-**growth effects in C2C12 and P19CL6 cells, whereas downregulation of GATA-4 simulates the effects of miR-200b on cell growth ([Figs. 5](#F5){ref-type="fig"} and [7](#F7){ref-type="fig"}) and (5) miR-200b regulates cyclin D1, a downstream target of GATA-4 ([Fig. 8](#F8){ref-type="fig"}). Taken together, these results provide strong evidence that miR-200b regulates cell growth and differentiation by targeting GATA-4 to downregulate the expression of cyclin D1 and α-MHC.

Except for miR-200b, miR-26b has been demonstrated to target GATA-4 during cardiac hypertrophy.[@R15] However, the interaction of other miRNAs with the GATA-4 3′-UTR and the contributions of these interactions to cell growth and differentiation remain unclear. Interestingly, GATA-4 lies upstream of miR-144/451 in the transcriptional regulatory cascade,[@R26] suggesting that a negative feedback loop between GATA-4 and miRNAs functions in transcriptional regulation.

In conclusion, the anti-growth and anti-differentiation effects of miR-200b are mediated through the targeting of GATA-4 and the suppression of cyclin D1 and α-MHC expression in C2C12 and P19CL6 cells. These findings represent a novel mechanism of GATA-4 post-transcriptional regulation that could be potentially applied in cell growth and differentiation.

Materials and Methods
=====================

Plasmids
--------

GATA-4 full-length cDNA was cloned into the EcoRI/KpnI sites of the pcDNA 3.1(+) vector (Invitrogen). The RNAi GATA-4 constructs were designed according to the pSilencer neo™ Instruction Manual (Ambion) as described previously.[@R27] A 404-bp rat genomic fragment encompassing the miR-200b coding region was amplified by PCR and ligated into HindIII/EcoRI sites of the pcDNA 3.1(+) vector. Murine cDNA fragments corresponding to the GATA-4 3′-UTR encompassing the miR-200b binding site were PCR-amplified and ligated into the firefly luciferase reporter construct (pGL3-control, Promega). For the mutant construct, the bases GTAT in the seed sequence of miR-200b were changed to TAGC. All constructs were confirmed by DNA sequencing. The sequences of the primers are listed in [Table 1](#T1){ref-type="table"}.

###### **Table 1.** Primer sequences

                                                                                                        Forward primer                                                                  Reverse primer
  --------------------------- ------------------------------------------------------------------- ------------------------------------------------------------------------- ------------------------------
  cloning                     GATA-4                                                              GATCGGTACCATGTACCAAAGCCTGGC                                               GATCGAATTCTTACGCGGTGATTATGTC
  Pri-miR-200b                GATCAAGCTTGGGAGCTCT CCCTAA ATTCC                                    GATCGAATTCTTTGGAGATGACAGGTGC TG                                           
  GATA-4 3′ UTR Luc           ATCGTCTAGACCCACAGAGCTGTAGCCAACT                                     TAATGGCCGGCCCGGAGGAAACAGGAATACAGAT                                        
  GATA-4 3′ UTR Luc mut       ATCGTCTAGACCCACAGAGCTGTAGCCAACT                                     TAATGGCCGGCCCGGAGGAAACAGGAATACAGATAAATTTATTAGTTAAGCTATGATTTTACAGCCATTTC   
  RNAi GATA-4                 GATCCGTCTCGATATGTTTGATGACTTCAAGAGA GTCATCAAACATATCGAGATTTTTTGGAAA   AGCTTTTCCAAAAAATCTCGATATGTTTGATGACTCTCTTGAAGTCATCAAACATATCGAGACG          
  q-PCR                       GATA-4                                                              CAGCAGCAGTGAAGAGATGC                                                      ATGTCCCCATGACTGTCAGC
  cyclin D1                   ATGAGAACAAGCAGACCATCCGCA                                            GCTTGACTCCAGAAGGGCTTCAAT                                                  
  α-MHC                       GACGCCCAGATGGCTGACTT                                                GGTCAGCATGGCCATGTCCT                                                      
  40S ribosomal protein S16   TCTGGGCAAGGAGAGATTTG                                                CCGCCAAACTTCTTGGATTC                                                      
  U6                          CTCGCTTCGGCAGCACA                                                   AACGCTTCACGAATTTGCGT                                                      
  MiR-200b                    GCGGCTAATACTGCCTGGT                                                 GTGCAGGGTCCGAGGT                                                          
  GATA-4 probe                FAM-c agg acc agg ctg ttc caa gag-TAMRA                                                                                                       
  S16 probe                   FAM-ctggtgtggatatccggg tccg-TAMRA                                                                                                             

Cell culture, transfection and differentiation
----------------------------------------------

C2C12 (ATCC) and P19CL6 cells were grown in Dulbecco's modified Eagle's medium (DMEM, GIBCO) and minimum essential medium alpha medium (α-MEM, GIBCO) supplemented with 10% fetal bovine serum (FBS), respectively. Neonatal rat ventricular cardiomyocytes culture was performed as described previously.[@R28] Transfections were performed 24 h after plating cells using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instructions. Briefly, the cells expressing the cyclin D1 promoter and wild-type or mutant GATA-4 3′-UTR-luc reporter constructs were transiently transfected with GATA-4, miR-200b mimic, miR-200b inhibitor or control miRNAs. The miR-200b mimic, the mimic negative control (mimic-NC), miR-200b inhibitor and the inhibitor negative control (inhibitor-NC) were purchased from GenePharma Co. Ltd. The cells were transfected with 50 nM of the mimic, the inhibitor, the mimic-NC or the inhibitor-NC. Thirty-six hours post-transfection, the cells were harvested, and luciferase activity was measured with a Berthold LB960 luminometer. The amount of reporter was maintained at 1 μg per well of a 12-well plate, and the amount of DNA was kept constant using the empty expression vector.

To construct cells stably expressing GATA-4 and miR-200b, C2C12 and P19CL6 cells were transfected with the empty pcDNA3.1(+) vector (G418-resistant), pcDNA3-GATA-4 or miR-200b using Lipofectamine (Invitrogen). GATA-4-silenced cell lines were generated by transfecting C2C12 cells with RNAi GATA-4 using Lipofectamine (Invitrogen). All cells were transfected for 24 h and treated with 400 μg/ml G418 (Amersham Pharmacia Biotech). G418-resistant colonies were selected after 2 wk.

To induce differentiation, P19CL6 cells were plated at a density of 1.8 × 10^5^ cells in a 6-well plate with a-MEM containing 1% dimethyl sulfoxide (DMSO) for 18 d. The medium was changed every 2 d. For myogenic differentiation, C2C12 cells were cultured until at approximately 90% confluence and induced in differentiation medium consisting of DMEM with 2% horse serum.

Quantitative real-time PCR
--------------------------

Stem-loop qRT-PCR for mature miR-200b was performed as previously described.[@R29] RNA was extracted from C2C12, P19CL6 cells and neonatal rat ventricular cardiomyocytes using the TRIzol method (Invitrogen). First-strand cDNAs were synthesized and used as a template in subsequent real-time PCR reactions as described previously.[@R28] A comparative quantification method was used, and the levels of mRNA and miR-200b were normalized to those of the ribosomal protein S16 and U6, respectively. The mRNA levels of GATA-4 in neonatal rat ventricular myocytes were determined using Premix Ex Taq reagent (Takara) according to the manufacturer's instructions. Taqman probes were purchased from Applied Biosystems. The sequences of the primers and probes are listed in [Table 1](#T1){ref-type="table"}.

Western blot analysis
---------------------

Cell lysates were prepared from C2C12 cells stably expressing GATA-4, miR-200b or RNAi GATA-4, or from C2C12 cells transfected with miR-200b mimic, miR-200b inhibitor or control miRNAs as previously described.[@R28] Nuclear extracts were prepared from neonatal rat ventricular myocytes treated with 100 μM Phe and/or transfected with miR-200b mimic, miR-200b inhibitor or control miRNAs. Western blotting was performed using cell lysates according to standard protocols as previously described.[@R28] Briefly, proteins were separated by SDS-PAGE, transferred to PVDF membranes and subjected to immunoblotting using antibodies specific for the sarcomeric MHC (MF-20, Developmental Studies Hybridoma Bank), GATA-4, cyclin D1, Histone H3, or tubulin and visualized using the standard ECL protocol (Pierce).

Cell proliferation assay
------------------------

C2C12 and P19CL6 cells, GATA-4-silenced cells or cells stably expressing GATA-4 or miR-200b were transiently transfected with miR-200b mimic, miR-200b inhibitor or control miRNAs. After 48 h, the cells were seeded at 10,000 cells per well in a 96-well plate. After 24 h, an MTT assay was performed to monitor the growth rate of these cells using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma). Briefly, 20 µl of a 5 mg/ml MTT solution was added to each well and incubated for 4 h at 37°C until a purple precipitate was visible. The MTT medium was then removed, and 150 µl of DMSO was added to dissolve the formazan. The absorbance was read at 490 nm using a Bio-Rad 550 Microplate Reader. All experiments were plated in sextuplicate and were performed three times.

Flow cytometric analysis
------------------------

Flow cytometry was performed as previously described.[@R30] In brief, C2C12 and P19CL6 cells, GATA-4-silenced cells or cells stably expressing GATA-4 or miR-200b were seeded at 5 × 10^5^ cells per well in a 6-well plate the day before transfection. The cells were then transfected with the miR-200b mimic, miR-200b inhibitor or control miRNAs. After 48 h, the cells were harvested and fixed with 70% ice-cold ethanol overnight at -20°C. After centrifugation and washing with ice-cold PBS, the cells were stained with propidium iodide (PI, Sigma) solution for 30 min at room temperature in the dark. Flow cytometric analysis was performed using a BD FACScan flow cytometer (Becton Dickinson Immunocytometry System), and cell cycle and apoptosis were analyzed using Cell-Quest software (BD Biosciences). The experiments were performed three times in duplicate.

DAPI staining
-------------

C2C12 and P19CL6 cells, GATA-4-silenced cells or cells stably expressing GATA-4 or miR-200b were allowed to adhere to glass coverslips (22 × 22 mm) in 6-well plates. After 24 h, the cells were transfected with the miR-200b mimic, miR-200b inhibitor or control miRNAs. Forty-eight hours post-transfection, the cells on the glass coverslips were rinsed with PBS and fixed with 95% ethanol for 30 min at room temperature. The cells were DNA stained with 0.5 µg/ml DAPI (Sigma) solution for 15 min at room temperature in the dark. The coverslips were mounted and imaged with a Nikon Eclipse E800 fluorescent microscope.

Annexin V-FITC/PI apoptosis assay
---------------------------------

Apoptosis was quantified with Annexin V-FITC/ PI apoptosis detection kit (KeyGen BioTECH) according to the manufacturer\'s recommendations. In brief, C2C12 and P19CL6 cells, GATA-4-silenced cells or cells stably expressing GATA-4 or miR-200b were seeded at 5 × 10^5^ cells per well in a 6-well plate the day before transfection. The cells were then transfected with the miR-200b mimic, miR-200b inhibitor or control miRNAs. After 48 h, the cells were harvested and stained with annexin V-FITC and PI to detect the percentage of apoptotic cells by flow cytometric analysis using a BD FACScan flow cytometer (Becton Dickinson Immunocytometry System), and cell apoptosis were analyzed using Cell-Quest software (BD Biosciences). The experiments were performed three times in duplicate.

Statistics
----------

The data are reported as the mean ± SEM. Student's unpaired t-tests were used to compare two groups. In all cases, differences were considered to be statistically significant when p \< 0.05.
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MHC

:   myosin heavy chain

3′-UTR

:   3′ untranslated region

DNEM

:   Dulbecco's modified Eagle's medium

α-MEM

:   minimum essential medium alpha medium

FBS

:   fetal bovine serum

DMSO

:   dimethyl sulfoxide

MTT

:   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

qPCR

:   quantitative real-time PCR

ES

:   embryonic stem
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